The pattern of the electrical response of the visual cortex to the stimulation of optic nerve or lateral geniculate body has been analyzed into three components representing the activity of three conducting pathways composed of three different sized fibers. The three components of the cortical response to geniculate stimulation can be selectively potentiated by continuous illumination of the retina with monochromatic lights. The red light enhances predominately the first component, green the second and blue the third. It is concluded that the nerve impulses for red are probably transmitted mainly by large sized fibers, those for green by medium and large sized fibers and those for blue by small fibers.
In 1930 Professor Piéron made a very significant observation on the minimum time required for the recognition of different colors. He found that the recognition time for red was the shortest, that for green the next and that for blue the longest. From the physiological point of view, the difference in time for the appreciation of the three fundamental colors would imply a difference in speed of conduction of nerve impulses carrying these chromatic qualities. During a study of action potentials of the visual cortex we have found evidences supporting the theory of trichromatic conduction as suggested by the remarkable observations by Professor Piéron more than twenty years ago. As a tribute to one of the great scientists of our time I would like to make, on this occasion, a brief summary of our study which has been inspired by his prescient revelation.
As we have demonstrated previously the primary response of the visual cortex of the cat to the stimulation of optic nerve with a single electric shock consists of a small initial deflection, three successive surface positive spike-like deflections and a broad wave sometimes followed by another prolonged negative wave as shown in Figure 1 . An analysis of this compound potential revealed that the pattern of the response is made up of several algebraically summated components as shown in Figure 2 in which A is a small deflection produced by the electric field set up by the synchronous volley passing along the optic nerve and tract in a volume conductor. B, C and D are three similar but independent constituent potentials consisting each of a spike and a slow wave. It is believed that in each component the spike represents the activity of radiation fibers and the succeeding wave represents the activity of intracortical neurons initiated by the radiation volley. An hypothesis is therefore formulated that there exists in the visual system a triple conducting pathway 0, 5 mv 1 msec. composed of three groups of fibers of three different sizes. Experimental evidences on which this hypothesis is based are numerous. Firstly, blocking the functional activity of cortical neurons by local application of novocaine or exertion of mechanical pressure to the cortical surface can obliterate or attenuate the slow waves of the compound potential but leave the spikes little affected. On the other hand, increasing the activity of intracortical neurons by local application of strychnine on the cortical surface enhances the slow wave component with no influence whatever on the spike potentials. Since the chemical agents or mechanical pressure employed to modify the cortical responses are confined to the surface of the cortex and are not in direct contact with the fibers of optic radiation, the persistence and intactness of the three spikes of the response must be attributed to the activity of radiation fibers. The results of anoxia experiments also support this view. As is generally known, cortical neurons are more susceptible to the effect of oxygen-lack. The slow waves of the cortical response to optic nerve stimulation disappear earlier than the spike potentials during anoxia and return later during the process of recovery on readmission of oxygen. The most convincing evidence is probably this : the spike potentials persist even when the response is recorded from the exposed w^hite matter after removal of the cortical gray matter. This rules out any possible involvement of cortical neurons in the production of the three spike potentials. The hypothesis of a triple conducting pathway in the visual system agrees very well with anatomical facts. From an analysis of the fiber constitution of the optic nerve of a cat we found that there are three peaks of distribution lying in the regions of 1 [x, 4 [jl and 9 tj. of the fiber caliber spectrum. The nerve cells in the lateral geniculate body of the cat can also be classified into three distinct groups according to their size. On the assump-tion that large cells give rise to large fibers and small cells to small fibers, a fiber spectrum with three peaks of distribution should also be present in the optic radiation. Indeed, it is the case. The existence in the optic radiation of three kinds of fibers according to their sizes has been found by Polyak.
The problem now remains whether the large fibers of the optic nerve are in direct svnaptic contact with large cells in the lateral geniculate body and the small optic fibers with the small geniculate cells. This problem has been studied by comparing the cortical response to optic nerve stimulation with that to direct stimulation of the lateral geniculate body. Should the synaptic relations of neurons in the geniculate body be of heterogeneous nature or internuncial neurons be involved in the transmissions of visual impulses from retina to the cerebral cortex, the patterns of the cortical response to optic nerve stimulation and to geniculate stimulation would have to be different. This difference, however, can not be substantiated by our experiment. A comparison of the two kinds of responses shows that the patterns of the responses are almost identical. The only real difference is the difference in over-all latency. Obviously, this difference can be accounted for by the difference in conducting distance between the two cases. On the basis of this observation it seems justifiable to believe that a discriminative, monosynaptic relationship exists between the optic fibers and the radiation fibers. For the maintainance of a one-to-one relationship between the retina and the visual cortex it is a prerequisite to have a direct structural contact of the primary neurons and the radiation fibers. Any intercalation of internuncial neurons would naturally disperse the impulses and tend to lessen the discreteness of punctate projection of retina to cortex.
During a study of the cortical potentials we have incidentally observed that the cortical response to the stimulation of the lateral geniculate body was markedly greater in size when the light of the laboratory was on than when it was turned off. This incidental observation started a series of interesting experiments on the photic potentiation phenomenon. The potentiation of geniculate-evoked cortical response by continuous illumination of retina is demonstrated in Figure 3 in which the records to the left were taken in dark, and those to the right were taken when the retina of the animal was illuminated with light produced from a 6 volt 2 ampere electric bulb placed about 10 cm in front of the eyes. The strength of the stimulus applied to the geniculate body is marked in arbitrary units beneath each record. It is clearly shown in this series of records that the cortical responses are greatly potentiated by light. Not only is the size of the response enhanced but also the threshold is lowered under the influence of retinal illumination. The site where the process of potentiation takes place is believed to be primarily in the lateral geniculate body, since the enhancement of the radiation spikes can be recorded from the exposed white matter of the visual cortex. The underlying mechanism of photic potentiation phenomenon is probably this : During continuous retinal illumination there is a steady stream of impulses flowing from the retina to the lateral geniculate body. Because of their insufficiency in number and their low concentration in temporal distribution the afferent impulses alone are not able to detonate the postsynaptic neurons. Nevertheless, the repeated bombardments on the geniculate neurons by these subliminal afferent impulses will render the neurons highly excitable though still below a discharging level. If, meanwhile, a direct stimulus is applied to the geniculate body, most neurons, which did not respond to a subliminal stimulus, are now able to discharge under the facilitatory influence of the constantly impinging afferent impulses. Therefore, the potentiation phenomenon in question is actually a manifestation of the effect of summation of presynaptic impulses induced by light and the direct excitation of the geniculate neurons.
As we have suggested before the three conducting pathways in the visual system might be concerned with trichromatic vision implying that each pathway mediates mainly the impulses of one of three fundamental colors. However, we had not been able to test this theory by studying the cortical response to retinal stimulation with monochromatic lights, because the characteristic spikes can not be seen in the cortical responses to photic stimulation. Now, the discovery of photic potentiation phenomenon provides a unique opportunity to put this theory under experimental test. It is a logical reasoning that if this hypothesis is valid, illumination of retina with monochromatic light should be able to enhance selectively the corresponding component of the cortical response. However, practical execution of an analysis of this kind is not easy. Because of the overlapping of different components of the evoked cortical response, the absolute height of individual deflections of the response can not be used as an indication of the real change in magnitude of individual components. In order to detect the differential potentiation effect of illumination with different colors, a patternmatching method is used. The method consists of the following procedure : Before the actual evaluation of the records we construct four model patterns of cortical visual response by plotting the algebraically summated values of the three partially overlapping components each consisting of a spike and a broad wave as shown in Figure 4 . They represent four types of response : (i) The three components are equally affected; (ii) the first component alone is enhanced; (iii) the second alone is enhanced; and (iv) the third alone is enhanced. As shown in diagram B of Figure 4 , when the first component is enhanced, the first spike will of course be greater. The second spike will be slightly in Figure 5 in which (A) is the response in complete darkness, (B) the response under the effect of green light, (C) under the effect of red light and (D) under the effect of blue light. By a superficial inspection it is rather difficult to recognize the differences from one another among these records. The extent of relative enhancement of the three components, however, become readily distinct if the tracings of these records are drawn on the same base line as shown in the diagram at the bottom of this figure. According to the standards set up above it is evident that the first component was predominently enhanced by the red light and the third component was predominantly enhanced by blue. The effect of green light appeared in most cases similar to that of red. Similar results have been obtained in many experiments. Although the absolute magnitude of the response under the potentiation effect of chromatic lights may vary from experiment to experiment, the relative size of different components remains unchanged. The variation of brightness of light can affect only the absolute magnitude but not the pattern or the relative size of the three components of the response. The differential enhancement, therefore, can not be attributed to the accompanying change in brightness of the chromatic lights used for retinal illumination.
From these experiments a tentative conclusion is drawn that the impulses for red light are transmitted predominently by large sized fibers, those for blue light by small sized fibers and those for green light probably by medium and large sized fibers.
The observations described here were made exclusively on the basis of records taken from the primary projection area of the visual cortex of cats, i. e. the posterior part of the gyrus lateralis. There has been found no particular cortical focus within this area which is concerned in any particular way with a given color. In other words, there is no topographical representation in the cortex for different colors. The recognition of the quality of light is apparently made possible in the central nervous system mainly by the difference in nature of fibers mediating the visual impulses regardless of their topographical distribution in the cortex. Experimental evidences prove that topic relationships exist between the retina and visual cortex, between different turns of cochlea and the auditory cortex and between different body segments and the somesthetic cortex. But, so far nobody has ever been successful in searching for a discrete cortical area for the representation of a particular quality of sensation. Therefore, we believe, in each sensory system there are two superimposed but independent patterns of organization, one con-cerning the topic localization of stimulus and the other with the qualities of the stimulus. The former is determined by spatial arrangement of the peripheral sense organs and the latter is determined by the type of fibers which mediate the impulses carrying sensory qualities of the stimulus. By virtue of the dual pattern of organization the sensory cortex becomes able not only to receive messages about the spatial orientation of a stimulus in the surroundings but also to discriminate the nature of that stimulus at the same time.
SUMMARY
The pattern of the electrical response of the visual cortex to the stimulation of optic nerve or lateral geniculate body has been analyzed into three components representing the activity of three conducting pathways composed of three different sized fibers. The three components of the cortical response to geniculate stimulation can be selectively potentiated by continuous illumination of the retina with monochromatic lights. The red light enhances predominately the first component, green the second and blue the third. It is concluded that the nerve impulses for red are probably transmitted mainly by large sized fibers, those for green by medium and large sized fibers and those for blue by small fibers.
